The usefulness of vaccine-based strategies to prevent lethal bacterial infection in a host with neutropenia is not well-defined. Here, we show in a neutropenic mouse model that immunity induced by mucosal vaccination with a live-attenuated Pseudomonas aeruginosa vaccine is protective against lethal P. aeruginosa pneumonia caused by both vaccine-homologous and vaccine-heterologous strains, whereas passive immunization confers only vaccine-homologous protection. Cells in the macrophage lineage served as crucial innate cellular effectors in the neutropenic host after active immunization. Vaccine efficacy was CD4 + T-cell dependent and associated with accumulation of macrophage-lineage cells in the alveolar space after infection, as well as with enhanced P. aeruginosa clearance from the lung. Adaptive CD4 + T cells produced granulocyte-macrophage colony-stimulating factor (GM-CSF) on restimulation in vitro, and local GM-CSF was critical for vaccine efficacy. Thus, collaboration between the innate and adaptive effectors induced by mucosal vaccination can overcome neutropenia and confer protection against lethal bacterial infection in the profoundly neutropenic host.
Infectious diseases are among the most frequent and serious complications in cancer patients receiving chemotherapy and in stem cell transplant recipients [1] . Pseudomonas aeruginosa is a leading cause of bacteremic pneumonia in neutropenic cancer patients, among whom it is associated with significant morbidity and mortality [2] . Infections with P. aeruginosa are becoming increasingly difficult to treat because of antibiotic resistance, which is associated with poor outcomes [3, 4] . Accordingly, there is a pressing need for new strategies, including vaccines and passive immunotherapies, to combat these infections. Vaccine-based strategies for infectious diseases in these high-risk populations, however, are hampered by the decrease in number and function of multiple immune effectors, particularly neutrophils, which are one of the most critical arms of host defense against P. aeruginosa [5] .
In a nonneutropenic setting, we have previously shown that mucosal immunization of mice with P. aeruginosa live-attenuated vaccines induces a broad range of protective immune effectors, such as lipopolysaccharide (LPS)-and outer membrane protein-targeted opsonophagocytic antibodies, and also cellular effectors, such as CD4 + T cells that secrete the cytokine interleukin 17 (IL-17), called T-helper 17 (Th17) cells [6, 7] . The latter immune mechanism allows for rapid recruitment of neutrophils and their efficient killing of bacteria. This is essential for protection against acute lethal pneumonia, particularly when levels of opsonophagocytic antibodies to the LPS O antigen are low or absent, which occurs with infections due to LPS O-antigen-heterologous strains (ie, strains having a different LPS serogroup from that of the vaccine strain) [6, 7] . Th17 cells have the potential to secrete proinflammatory cytokines other than IL-17, such as granulocyte-macrophage colony-stimulating factor (GM-CSF), and it has recently been shown that Th17-derived GM-CSF is a key mediator of experimental autoimmune encephalitis [8, 9] . However, it is unclear whether GM-CSF has a role in vaccineinduced host defense against acute infectious processes.
Little is known about the optimal form of acquired immunity that might protect a host with profound neutropenia against lethal bacterial pneumonia. We hypothesized that a mucosal vaccination strategy could lead to maximal use of lung macrophages as critical phagocytes that could be orchestrated by vaccine-induced CD4 + T cells and thus could create protective immunity to lethal P. aeruginosa pneumonia that is independent of neutrophils.
MATERIALS AND METHODS
A detailed description of the methods for histologic analysis, immunofluorescent staining, in vitro cytokine secretion assays, and intracellular cytokine staining is available in the Supplementary Materials.
Bacterial Strains
The bacterial strains used in this study are listed in Table 1 . Of note, the live-attenuated vaccine strain PAO1ΔaroA is cleared from the lung of nonneutropenic mice by 100 hours after immunization [10] . PAO1ΔaroA is also highly attenuated in its virulence in neutropenic mice [11] .
Immunization and Infection During Neutropenia
Mice used in these studies were C3H/HeN (sex, female; age, 6-8 weeks at the beginning of each experiment) obtained from Harlan Sprague-Dawley Farms (Chicago, IL). Animal experiments complied with institutional and federal guidelines regarding the use of animals in research.
For active immunization, mice were anesthetized intraperitoneally with ketamine/xylazine, and P. aeruginosa live-attenuated vaccine strain PAO1ΔaroA or Escherichia coli strain HB101 (control) was given intranasally once per week for 3 weeks at escalating doses of 10 8 , 5 × 10
8
, and 10 9 colonyforming units (CFU) [10] . For passive immunization, 0.2 mL of hyperimmunized rabbit sera was administered intraperitoneally to mice [10] . Pneumonia was induced by intranasal inoculation of anesthetized mice with P. aeruginosa strains during the fourth week after the final active immunization dose or 24 hours after passive immunization [5, 12] . Before challenge, mice were made neutropenic by intraperitoneal receipt of either a 150-mg/kg dose of cyclophosphamide (CY; Sigma-Aldrich) every other day for 3 doses (with the last dose received on the day before bacterial challenge) or a single 0.2-mg dose of anti-Gr-1 monoclonal antibodies (mAb; RB6-8C5) 1 day before challenge. We have previously shown in this model that the absolute neutrophil count in mouse peripheral blood is <50 cells/mm 3 for at least 4 days from the day after the third dose of CY (ie, the day of bacterial challenge in the present study) [5] . The absolute neutrophil count is <100 cells/mm 3 for 5 days from the day after anti-Gr-1 mAb administration [11] . Mice were maintained on drinking water containing 0.15 mg/mL gentamicin (Research Product International) during induction of neutropenia and until the day of bacterial challenge, when drinking water was changed back to sterile water. 
In Vivo Depletion or Supplementation of Immune Effectors
For depletion of macrophages/monocytes in the alveolar space, clodronate-containing liposomes (100 µL/mouse in 2 divided doses) were given intranasally to anesthetized mice 1 day before bacterial challenge [5] . Liposomes containing phosphatebuffered saline (PBS) were given intranasally to control mice. Clodronate, which was kindly provided by Roche Diagnostics (Mannheim, Germany), was used to assemble clodronatecontaining (250 mg/mL) liposomes, as previously described [13] . For in vivo CD4+ T-cell depletion, anti-CD4 mAb (GK1.5, BioXCell) was given to anesthetized mice both intranasally and intraperitoneally (100 µg/dose and 500 µg/dose, respectively) 72 and 24 hours before bacterial challenge; we have previously shown that this leads to >98% reduction in total lung CD4+ T cells 24 and 72 hours after live bacterial challenge [7] . Control mice received the same doses of rat immunoglobulin G (IgG; Sigma-Aldrich) by the same route at the same time points. For GM-CSF neutralization, 100 µg of anti-GM-CSF mAb (MP1-22E9, eBioscience) was administered intranasally [14] to anesthetized mice 8 hours before infection. For GM-CSF supplementation experiments, a 1-µg dose of murine recombinant GM-CSF (Invitrogen) was administered intranasally [15] to anesthetized mice 3 and 0 hours before infection.
Quantification of Immune Cells in Bronchoalveolar Lavage (BAL) Fluid
After euthanasia by carbon dioxide inhalation, BAL fluid was obtained by exposing the trachea and then twice injecting, and then removing, 1 mL of PBS containing 0.5 mM ethylenediaminetetraacetic acid. After treatment with red blood cell lysis buffer (R&D systems), part of each BAL fluid sample was stained with Trypan blue to enumerate viable cells. The rest of each sample was centrifuged onto microscope slides, air-dried, stained with a modified Wright-Giemsa stain (Diff-Quick, Baxter Scientific, Miami, FL), and evaluated for differential leukocyte counts (100 leukocytes per sample; original magnification ×400) on the basis of standard morphologic criteria. To assess the proportion of neutrophils in the total lung leukocytes, cells were isolated from collagenase-digested lungs [16] ; stained with V500-labeled CD45.2 (clone 104, BD Biosciences), APC-labeled Ly6G (1A8, BioLegend), and APC-eFluor780-labeled CD11b (M1/70, eBioscience); and analyzed by FACS (BD LSR Fortessa).
Quantification of P. aeruginosa Levels in the Lung
For CFU measurements, lungs were weighed, homogenized in 1% proteose peptone (BD, Franklin Lakes, NJ), and serial diluted and plated on MacConkey agar. Non-lactose fermenting, oxidase-positive colonies were enumerated after overnight growth at 37°C.
Histologic and Immunofluorescence Analyses
Lung histologic analysis and immunofluorescent staining of immune cells from BAL fluid and collagenase-digested whole lung for MOMA-2 and Ki-67 antigen were performed by standard methods, as described in detail in the Supplementary Materials.
In Vitro GM-CSF Secretion From Adaptive Versus Naive T cells and Intracellular Cytokine Staining
Please see the Supplementary Materials for details. Briefly, splenic and lung T cells were isolated either from PAO1Δar-oA-immunized, E. coli-immunized, or unimmunized mice, using CD3 + T-cell selection columns (R&D Systems), as previously reported [6] . T cells were cocultured for 7 days with gentamicin-killed P. aeruginosa strain PAO1 as antigen and irradiated splenocytes as feeder cells in complete cell culture media, with or without anti-CD4 mAb, as described in the Supplementary Materials. GM-CSF levels in the culture supernatants were measured using an enzyme-linked immunosorbent assay (R&D Systems). Staining of intracellular GM-CSF and IL-17 from in vitro-stimulated splenocytes isolated from immunized or naive mice was performed using standard methods, as described in the Supplementary Materials. Gentamicin-killed P. aeruginosa strain PAO1 was used as antigen for in vitro T-cell assays because P. aeruginosa strain IT4 is gentamicin resistant. We previously showed that the use of gentamicin-killed P. aeruginosa strains having different LPS serogroups in these assays yielded similar T-cell responses in terms of IL-17 and interferon γ secretion [6] .
Statistical Analyses
BAL fluid cell counts and P. aeruginosa CFU were evaluated by the Mann-Whitney U test or the Kruskal-Wallis test with the Dunn multiple comparison test for pairwise comparisons involving ≥3 groups. In vitro GM-CSF levels were analyzed by analysis of variance with the Dunnett multiple comparison test, using PAO1ΔaroA/I.C. group as the control comparator group. Survival data were analyzed by the Fisher exact test or by survival analysis with the Kaplan-Meier method, followed by Bonferroni corrections for multiple comparisons. Analyses were performed using Prism software (GraphPad Software, San Diego, CA).
RESULTS

Efficacy of Active Versus Passive Immunization During Neutropenia
We first evaluated the efficacy of a P. aeruginosa aroA-deleted, live-attenuated vaccine [10] , denoted PAO1ΔaroA, against lethal P. aeruginosa pneumonia in the setting of neutropenia induced either by CY or by anti-Gr-1 mAb. Active immunization with PAO1ΔaroA protected neutropenic mice from acute lethal pneumonia caused not only by the LPS-homologous (serogroup O2/O5) P. aeruginosa strains PAO1, 170003, and IT7, but also by the LPS-heterologous strains IT4 (serogroup O1) and 6294 (serogroup O6) ( Table 2 ). Passive immunization with rabbit hyperimmune antiserum raised to PAO1ΔaroA [17] conferred protection only against the LPS-homologous strain PAO1, not against the LPS-heterologous strains IT4 or 6294 (Table 2) . We previously demonstrated the absence of opsonophagocytic antibodies against strains IT4 and 6294 in sera of mice actively immunized with PAO1ΔaroA [10] . These data collectively suggest a critical contribution of cellular components for full-fledged vaccine-induced protection. For the rest of the current studies, we used this model of active immunization followed by vaccine-heterologous challenge to investigate the cellular mechanisms of protection.
Macrophage-Lineage Cells Are Indispensable Innate Cellular Effectors of Protection
We next evaluated the leukocyte differentials in BAL fluid from PAO1ΔaroA-immunized or control E. coli-immunized mice that were made neutropenic and then challenged by the vaccine-heterologous strain IT4. BAL fluid was analyzed at 6, 18, 24, and 30 hours after infection during anti-Gr-1 mAbinduced neutropenia and at 30 hours after infection during CY-induced neutropenia ( Figure 1A Figure 1D ). Finally, in vivo depletion of monocytes/macrophages in the alveolar space by intranasal administration of clodronate-containing liposomes that started 24 hours before infection abolished vaccine efficacy ( Figure 1E ). These data suggest that cells in the macrophage lineage serve as indispensable innate cellular effectors of vaccine-induced protection in the context of profound neutrophil depletion in the infected tissue.
Vaccine-Induced Protection Is Associated With Monocyte/ Macrophage Accumulation After Infection and With Enhanced P. aeruginosa Clearance From Lung
We next compared the numbers of monocytes/macrophages in BAL fluid between vaccinated and control mice at various time points after infection during anti-Gr-1-induced neutropenia. Chronologic accumulation of the monocyte/macrophage lineage cells after infection was found in BAL fluid from both immunized and control mice, but the numbers were higher in the vaccinated group, with significant differences at 6, 24, and 30 hours after infection (Figure 2A ). Higher monocyte/ macrophage numbers in BAL fluid from immunized mice as compared to control mice was also found 30 hours after infection (the only time point tested) in the setting of CY-induced neutropenia ( Figure 2B ), where we also observed no difference in monocyte/macrophage numbers before infection. Vaccination was also associated with significantly lower levels of P. aeruginosa in the lung 30 hours after infection in both antiGr-1-treated mice ( Figure 2C ) and CY-treated mice ( Figure 2D ). Finally, cytospin preparation of total lung leukocytes isolated from collagenase-digested lungs of immunized mice 30 hours after infection during CY-induced neutropenia were stained for Ki-67, a nuclear protein associated with cellular 5 events were acquired per each mouse, followed by selection of CD45 + cells. D, Lung histopathologic findings for Escherichia coli-immunized mice with anti-Gr-1-induced neutropenia at 30 hours after infection (strain IT4, 70 CFU). Representative images are from 3 mice. Original magnification ×100 and ×1000. E, Survival of immunized mice with neutropenia (anti-Gr-1 induced) after P. aeruginosa infection (strain IT4, 70 CFU), with or without local monocyte/macrophage depletion by intranasal clodronate-containing liposomes or phosphate-buffered saline (PBS)-containing control liposomes. Numbers on right are number of surviving mice/number of mice challenged. The P value was calculated by the log-rank test with Bonferroni correction and compares the survival of clodronate-treated mice with that of control liposome-treated PAO1ΔaroA-immunized mice.
proliferation [20] . Ki-67 was expressed in about 25% of the monocytes/macrophages (ie, MOMA-2-positive cells) isolated from collagen-digested whole lung ( Figure 2E ), suggesting that proliferation of the cells may possibly contribute in part to the accumulation of monocytes/macrophages in the infected alveolar space. 
CD4 + T Cells as Critical Adaptive Effectors of Protection
In the nonneutropenic setting, we previously showed that vaccine-induced CD4 + T cells and IL-17 allow rapid recruitment of neutrophils to the infected lung, which is critical for protection against vaccine-heterologous P. aeruginosa strains [6, 7] . We hypothesized that adaptive CD4 + T cells may also play a crucial role in vaccine-induced protection in the setting of neutropenia. In vivo depletion of CD4 + T cells that started 72
hours before challenge removed the protection engendered by PAO1ΔaroA immunization against the vaccine-heterologous strain IT4 ( Figure 3A ). CD4 + T-cell depletion was associated with loss of the vaccine-induced protective phenotypes described above, including the accumulation of macrophage-lineage cells in the alveolar space ( Figure 3B ) and the enhanced P. aeruginosa clearance from the lung 30 hours after challenge ( Figure 3C ). These data highlight the critical collaboration between adaptive effectors (CD4 + T cells) and innate effectors (macrophages) that is induced by this mucosal vaccination strategy.
GM-CSF as a Member of Effector Cytokines from VaccineInduced CD4+ T Cells
GM-CSF is a multifunctional growth factor for myeloid precursor cells and also a cytokine that can promotes survival, activation, and terminal differentiation of macrophages [21] [22] [23] . We hypothesized that our live-attenuated mucosal vaccination strategy can induce CD4 + T cells to produce GM-CSF, which could potentially contribute to vaccine efficacy by stimulating the host innate immune system. We compared GM-CSF production from lymphocytes purified from vaccinated versus control mice during in vitro coculture. GM-CSF levels produced by T cells that were purified from spleens ( Figure 4A ) or lungs ( Figure 4B ) of PAO1ΔaroA-immunized mice and then stimulated with gentamicin-killed whole P. aeruginosa cells were higher than those produced by similarly stimulated T cells isolated from unimmunized or E. coliimmunized mice. The production of GM-CSF was inhibited by addition of anti-CD4 mAb (GK1.5) to the culture media, suggesting that CD4 + T cells are the source of GM-CSF under these conditions. After in vitro stimulation of immune splenocytes, intracellular levels of GM-CSF were higher in splenic CD4 + T cells from PAO1ΔaroA-immunized mice, compared with E. coli-immunized mice and unimmunized mice ( Figure 4C ). More than 50% of the GM-CSF-positive CD4 + T cells were also positive for IL-17, suggesting that GM-CSF is produced primarily, although not exclusively, by Th17 cells ( Figure 4C ), which is consistent with recent reports implicating Th17-derived GM-CSF as a key mediator of experimental autoimmune encephalitis [8, 9] .
Critical Contribution of Local GM-CSF in Vaccine-Induced Lung Immunity
Neutralization of local GM-CSF starting 8 hours before infection significantly diminished the PAO1ΔaroA-induced protection against acute lethal pneumonia caused by strain IT4 during CY-induced neutropenia ( Figure 5A ). Vaccine-efficacy loss due to GM-CSF neutralization was accompanied by loss of the accumulation of monocytes/macrophages in BAL fluid ( Figure 5B ) and by diminished P. aeruginosa clearance from the lung ( Figure 5C ) 30 hours after infection. On the other hand, local delivery of murine recombinant GM-CSF that started 3 hours before infection partially restored the vaccineefficacy loss induced by in vivo CD4 + T-cell depletion ( Figure 5D ). These data collectively suggest a critical role of local GM-CSF as a collaborator of the vaccine-induced lung immunity against P. aeruginosa during neutropenia. Figure 4 . Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a vaccine-induced CD4 + T-cell effector cytokine. A and B, GM-CSF levels produced by splenic T cells (A) or lung T cells (B) in response to in vitro stimulation with gentamicin-killed Pseudomonas aeruginosa. T cells were isolated from naive mice or from mice 3 weeks after intranasal immunization with either PAO1ΔaroA or Escherichia coli. T cells were stimulated for 7 days with gentamicin-killed whole bacterial cells of P. aeruginosa strain PAO1 in the presence of irradiated splenocytes. Cells were pooled from 3-5 mice per group. Anti-CD4 monoclonal antibody (mAb; clone GK1.5) or isotype control (I.C.) immunoglobulin G2b mAb was added at 1 μg/well. Bars indicate means of triplicate wells, error bars the SEM. *P values were determined by analysis of variance with the Dunnett multiple comparison test, using PAO1ΔaroA/I.C. group as the control comparator group. C, Intracellular staining of CD4 + T cells for interleukin 17 (IL-17) and GM-CSF among splenocytes isolated from vaccinated and unvaccinated mice and then cocultured with gentamicin-killed P. aeruginosa strain PAO1 for 5 days, followed by PMA with ionomycin and brefeldin A for 6 hours before harvest and staining. Cells were pooled from 3 mice per group. The CD4 gate is shown.
DISCUSSION
We conducted this study to investigate the usefulness of a vaccine-based strategy to prevent lethal P. aeruginosa pneumonia during neutropenia and also to define the critical effectors of vaccine-induced lung immunity that can operate independent of neutrophils. We showed that immunity induced by a mucosal immunization with a P. aeruginosa live-attenuated vaccine was protective in the absence of neutrophils against a variety of P. aeruginosa strains that include both vaccinehomologous strains (ie, strains having the same LPS serogroup as the vaccine strain) and vaccine-heterologous strains. The spectrum of protection of the active mucosal vaccination strategy was broader than that of passive immunization, which conferred only vaccine-homologous protection in the neutropenic mice. In vaccine-heterologous protection during neutropenia induced by active immunization, cells in the macrophage-lineage served as crucial innate cellular effectors. The vaccine's efficacy was also CD4 + T-cell dependent: CD4 + T cells were required for the accumulation of monocytes/macrophages in the infected alveolar space and for enhanced P. aeruginosa clearance from the lung in immunized mice. Importantly, protection was observed regardless of the mode of neutrophil induction, either anti-Gr-1 mAb or CY, the latter of which also leads to profound lymphocytopenia of mice [5] . The adaptive CD4 + T cells produced higher levels of GM-CSF in response to P. aeruginosa stimulation in vitro than did CD4 + T cells from naive or E. coli-immunized mice. Local GM-CSF, produced either in the lung and/or outside the lung and delivered to the lung, was also a crucial factor for these . Before challenge, 2 groups of mice underwent in vivo CD4 + T-cell depletion followed by local supplementation with murine recombinant GM-CSF or phosphate-buffered saline (PBS; given intranasally). Numbers on the right are the number of surviving mice/number of mice challenged. The P value was determined by the log-rank test with the Bonferroni correction and compares the PAO1ΔaroA/anti-CD4/GM-CSF group with the PAO1ΔaroA/anti-CD4/PBS group. Abbreviation: IgG, immunoglobulin G.
vaccine-induced protective phenotypes to be expressed. These findings highlight a form of vaccine-induced immunity in which collaboration between innate and adaptive effectors overcomes neutropenia and confers protection against lethal bacterial infection in the profoundly neutropenic host.
Animal studies have identified both positive and negative roles of GM-CSF in host defense against lung infections. GM-CSF-deficient mice have been shown to have increased susceptibility to P. aeruginosa pulmonary infection that could be restored by targeted expression of GM-CSF in the lung parenchyma [24] . However, in a murine model of P. aeruginosa pneumonia following bone marrow transplantation, genetic ablation of GM-CSF in the donor hematopoietic cells was associated with improved bacterial clearance in recipient mice as compared to that in mice that received a wild-type hematopoietic cell transplant, suggesting a paradoxical role of GM-CSF derived from leukocytes of donor origin in lung immunity in a host who has undergone bone marrow transplantation [25] . Another study showed that culture supernatants of mucoid P. aeruginosa isolates from patients with panbronchiolitis can stimulate human neutrophils to secrete GM-CSF, leading to the enhanced neutrophil survival in an autocrine/paracrine fashion-a process speculated to be one of the contributing factors to chronic airway inflammation in those patients [26] . These previous findings suggest that the role of GM-CSF in host defense is largely dependent on the intersection of a number of factors, including host immunological status, source of GM-CSF, and acute versus chronic infectious disease process.
Here, we describe a critical role of GM-CSF in vaccineinduced immunity against acute P. aeruginosa pneumonia in a host with neutropenia, in which the monocytes/macrophages serve as the primary innate cellular effectors. The relative contributions by CD4 + T cell-derived GM-CSF versus GM-CSF from other cellular sources in the present model were not evaluated in this work. Nevertheless, a vaccine-based strategy that induces adaptive CD4 + T cells having the capacity to produce GM-CSF may serve as an alternative approach to the preventative/therapeutic application of exogenous GM-CSF to the lung of the immunocompromised host [27, 28] . The precise mechanism of protection in the present model remains to be elucidated. The accumulating macrophagelineage cells in the infected lung in the present model potentially derive from a number of sources, such as monocytes that have acutely emigrated from the bone marrow [29] , a subset of endothelium-attached "patrolling" monocytes that have extravasated in response to infection [30] , locally proliferating macrophages [31, 32] , and/or cells originating from hematopoietic stem and progenitor cells that had circulated in peripheral blood and landed in the lung [33] . Known biological functions of GM-CSF includes effective mobilization of monocytes to the inflamed tissue [34, 35] , generation of macrophages from precursors and proliferation of macrophage-lineage cells [36] , and enhancement of macrophage resistance against infectionrelated necrosis and apoptosis [37] , any of which could have contributed to the vaccine-induced, GM-CSF-dependent macrophage accumulation in the infected lung. Local GM-CSF may also have contributed to the protection by enhancement of macrophage phagocytic functions, as was shown in a nonneutropenic P. aeruginosa pneumonia model [24] . Finally, it is plausible that IL-17 from vaccine-induced CD4 + T cells [6, 7] may also play a role in protection during neutropenia, which could be mediated by enhanced production of antimicrobial peptides from lung epithelia [38] or by chemokine production from fibroblasts and macrophages, leading to monocyte recruitment and/or activation [39] . In summary, immunity induced by a mucosal vaccination strategy can be protective against acute lethal P. aeruginosa pneumonia even during profound neutropenia. Collaboration between macrophage-lineage cells and vaccine-induced CD4 + T cells as well as local GM-CSF confers protection in the absence of neutrophils. This paradigm of vaccine-based immunity during neutropenia may potentially serve as a framework for new preventive and therapeutic strategies against infectious diseases in the immunocompromised host.
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